Objective: In articular joints, the forces generated by locomotion are absorbed by the whole of cartilage, subchondral bone and underlying trabecular bone. The objective of this study is to test the hypothesis that regional differences in joint loading are related to clear and interrelated differences in the composition of the extracellular matrix (ECM) of all three weight-bearing constituents.
Introduction
A joint consists of one or more opposing congruent osseous structures covered by a highly specialised connective tissue layer of hyaline articular cartilage. The main functional requirement of the articular cartilage is withstanding compressive and shear forces and transferring these forces to the underlying bone 1 . This bone consists of a subchondral plate, a thin layer of bone just beneath the articular cartilage that has energy absorbing properties, and a supporting three-dimensional lattice work of platelets and struts, the so-called trabecular or cancellous bone of the metaphysis 2 . The trabecular sheets are organised in such a way that they transmit the stresses from the overlying layers of articular cartilage, calcified cartilage, and subchondral plate to the metaphyseal cortices 2 . It can thus be said that one of the main functions of a joint, apart from enabling articulation through smooth sliding of the articular surfaces, is the dissipation of the considerable forces that are generated by locomotion.
Biomechanical behaviour of the tissue is determined by both ultra-structure and biochemical composition of the extracellular matrix (ECM). This insight has prompted extensive research into the molecular composition of the ECM of articular cartilage in the equine metacarpophalangeal joint in recent years. From this research it emerged that there is a distinct topographical variation in many biochemical parameters, matching with the variation in biomechanical loading as generated by locomotion 3, 4 . This topographical heterogeneity has been shown to be nonexistent in the new-born animal and its formation is thought to be directed by biomechanical forces in the early postnatal period through the so-called process of functional adaptation 5 . Cartilage, subchondral bone plate and underlying trabecular bone together form a functional entity. There is a clear relationship between biochemical composition of the cartilage ECM and susceptibility to osteoarthritis (OA) 6 . There is also growing awareness that in the pathophysiology of diseases such as OA, osteochondritis dissecans, and rheumatoid arthritis, subchondral bone changes play an important role 7 . Further, it has been stated earlier that changes in the relative density and architecture of the underlying subchondral bone may have a profound effect International Cartilage Repair Society on both the initiation and progression of cartilage damage 2 . Although a topographical variation in composition of the subchondral bone plate in relation to loading has been demonstrated in several species, it is surprising that no comprehensive studies have been conducted aiming at the simultaneous analysis of the matrix composition of cartilage and the underlying subchondral and trabecular bone layers and their interrelationship 8e10 .
In this study the hypothesis is tested that regional differences in loading within a joint are related to clear and interrelated differences in the composition of the ECM of all three weight-bearing constituents. To this end, the study aimed at the quantification and analysis of the major structure and strength determining components of the ECM at two differently loaded sites of all three tissue layers in healthy normal joints. Knowledge of site-and tissue-related biochemical characteristics will help understanding joint function and is indispensable for a correct interpretation of aberrations found in joint pathologies such as OA.
Materials and methods

JOINTS
Thirty right metacarpophalangeal joints from adult Warmblood slaughter horses (mean age 10 years, range 5e23 years) were harvested immediately after death and stored at ÿ20(C until processing. One day before the measurements, the joints were thawed and opened. The proximal two-thirds of the first phalanx were isolated from the rest of the limb and the surrounding tissue was dissected. All joints were normal at macroscopic inspection and there was no evidence of any pathology related to the area. To corroborate this, articular cartilage degeneration was quantified with help of the Cartilage Degeneration Index (CDI) 11 . Briefly, the amount of Indian ink uptake across the entire cartilage surface was quantified by digital imaging of the native and the Indian ink stained articular cartilage surfaces. The increase in mean grey level of the articular surface is the basis for calculation of the CDI (range from 0 to 10010.1016/j.joca.2004.05.005%). A CDI score of !25% is seen as indicative of none to minor degenerative changes 12 . In this study only joints were included with a CDI score of !25%.
SAMPLING PROCEDURE
After establishing the CDI, a 6 mm wide slice of phalanx I, containing cartilage, subchondral bone and trabecular bone was cut in dorsopalmar direction, perpendicular to the articular surface and through the centre of the medial fovea, using a band saw. These slices contained two differently loaded sites: site 1 located close to the dorsal articular margin, and site 2 at the central fovea (Fig. 1) . A slice of 1e2 mm thickness was cut off, placed in Burckhardt's fixative for 4 days and thereafter kept in 100% ethanol until measurement of bone mineral density (BMD). From the remaining sample the cartilage was taken off with a scalpel and the subchondral and trabecular bone were separated with a milling cutter. Each bone and cartilage sample was further divided into four pieces and stored at ÿ80(C until further analysis.
DETERMINATION OF BONE MINERAL DENSITY
BMD was measured with a peripheral quantitative computed tomography ( pQCT) machine a adapted for measuring small bones. Two 360( X-ray scans were taken with a thickness of 1 mm and a resolution of 0:148 mm!0:148 mm. The pQCT machine was calibrated with a standard of hydroxyapatite embedded in acrylic plastic. The scans were performed in two horizontal planes: at 2 mm under the cartilage layer through the subchondral plate and at a depth of 8 mm through the trabecular bone. BMD was expressed as mg/cm 3 . 
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MINERAL ANALYSIS
One piece of subchondral-and trabecular bone of each site was thawed and defatted by placing in ether for 1 week. After drying for 1 h at 105(C dry weight was determined. The drying time of 1 h proved to be sufficient in a test series where various samples were dried and subsequently weighed after drying times up to 24 h (data not shown). The fat-free, dry samples were ashed (540(C for 6 h), weighed and then dissolved in 15 ml 4 M hydrochloric acid. Calcium and magnesium content were determined by atomic absorption spectrophotometry. b Phosphorus content was determined according to the method of Quinlan and DeSesa 13 . The amount of minerals was expressed as mmol per gram dry bone weight. The ash concentration was expressed as percent of dry bone weight. Reversed-phase high-performance liquid chromatography of cross-links (100 mL of the 5-fold diluted sample) was performed on a micropak ODS-80 TM column g as described elsewhere 14, 15 . HP and LP purified from adult human bone and calibrated vs the PYD/DPD HPLC calibrator h and pentosidine (calibrated by mass spectroscopy) served as a standard 16 .
For amino acid analysis, 200 mL of the 250-fold diluted sample was derivatised at room temperature with 200 mL acetone containing 6 mM 9-fluorenylmethyl-chloroformate (FMOC-Cl) e . Termination of the derivatisation reaction, removal of excess reagent, and chromatography were performed as described elsewhere 14 . Calibration was performed with an amino acid standard for collagen hydrolysates 14, 15 . The quantities of the cross-links HP, LP and pentosidine as well as the hydroxylysine (Hyl) levels were expressed as number of residues per collagen molecule, assuming 300 hydroxyproline (Hyp) residues per triple helix (mol/mol collagen).
ANALYSIS OF DENATURED COLLAGEN
The amount of denatured collagen was determined by the assay described by Bank et al. 17 , which is based on the observation that a-chymotrypsin (aCT) digests denatured collagen but not the triple helix. Briefly, one piece of cartilage, subchondral and trabecular bone of each site was thawed and bone samples were demineralised for 3 weeks in buffered 0.5 M EDTA ( pH 7.4). Bone and cartilage were extracted with 4 M guanidinium hydrochloride in 0.1 M Tris HCl ( pH 7.3) containing a cocktail of protease inhibitors. The denatured collagen in the bone and cartilage matrix was then digested overnight at 37(C with 0.5 mg aCT (C-4129) d dissolved in 500 mL phosphate buffered saline ( pH 7.4) containing 1 mM iodoacetamide and 1 mM EDTA. The supernatant (containing the digested collagen) was separated from the remaining insoluble matrix (containing the intact collagen); both were hydrolysed with 6 M HCl at 110(C for 20 h. The amount of the collagen-specific amino acid Hyp was measured with reversed-phase high-performance liquid chromatography. The amount of denatured collagen was expressed as a percentage of total collagen.
GLYCOSAMINOGLYCAN ANALYSIS
Trabecular bone and cartilage samples were digested by papain (P3125) d in 200 mL of a 50 mM phosphate buffer, pH 6.5, containing 2 mM Na 2 EDTA and 2 mM cysteine for approximately 16 h at 65(C.
Proteoglycan content was determined by measuring the amount of polysulphated glycosaminoglycans (GAGs) in the papain digest of the bone samples by a modification of the 1,9-dimethylmethylene blue (DMMB) assay described by Farndale et al. 18 . To 10 mL diluted sample from papain digest, 10 mL 1% (w/v) bovine serum albumin d and 200 mL of reagent (46 mM DMMB) d , 40 mM glycine and 42 mM NaCl adjusted to pH 3.0 with HCl were added and after 30 min the absorbency at 525 nm was measured. The assay was standardised with shark chondroitin sulphate d . GAG amount was expressed as mg/mg dw sample of bone.
DNA ANALYSIS
A 10mL aliquot of the papain digest was used to determine DNA content as a measure for the amount of cells using the fluorescent dye Hoechst 33528 as described by Kim et al. 19 . In short: dye solution was added to the papain digest of the bone samples and measured immediately after mixing using a LS-2b (excitation at 365 nm and emission at 460 nm). Calf thymus DNA (D-4764) d was used as reference. Results were expressed as mg DNA/mg dw.
STATISTICAL ANALYSIS
All measured parameters were expressed as mean G SD. Statistical analysis of the data was performed with help of the software package SPSS version 10 for Windows. i Differences between respective sites and the different bone layers were tested by use of ANOVA ( factors: site and layer). Correlations were tested using a Pearson's product moment correlation analysis. The level of significance was set at P!0:05.
Results
No age relationship was found for any of the parameters, except for pentosidine in cartilage, subchondral and trabecular bone. In all three tissues, collagen content (measured as Hyp per proline ratios) was slightly higher (1e5%) in site 2 than in site 1, reaching statistical significance for the subchondral and trabecular bone (Table I ). The fractions of denatured collagen were of the same order in the three layers investigated and oscillated between 10 and 15%. In cartilage there was more denatured collagen in site 1 than in site 2 suggesting early degenerative changes in site 1. Further there was significantly less denatured collagen (w1e3%) in subchondral bone compared to trabecular bone with no significant site differences (Table I, Fig. 2) , which may reflect differences in turnover rate between those two types of bone.
Hydroxylysine content in cartilage was double to triple the content in bone (Table I, Fig. 3) , thus reflecting the presence of highly hydroxylated type II collagen in cartilage (on average 45 Hyl residues per triple helix) vs type I collagen in bone (w15 Hyl per collagen). In cartilage and subchondral bone, site 2 had a higher lysyl hydroxylation than site 1, but the difference in the latter tissue was considerably less. There was no site difference in trabecular bone, but overall content at this level was about 25e35% less than in subchondral bone. Since lysyl hydroxylation has been related to the thickness of the collagen fibres, these differences may reflect a functional difference between these two types of bone.
Since collagen cross-linking is important in the determination of tissue strength, the level of pyridinoline cross-linking was measured. As expected, hydroxylysylpyridinoline (HP) cross-links are much more abundant in cartilage than in the underlying bone (Table I , Fig. 4) ; the opposite, though to a smaller extent, is true for lysylpyridinoline (LP) cross-links (Table I ). In bone, HP cross-links are better represented at site 2. In case of subchondral bone, levels at this site even reach a 50% higher concentration than at site 1 (Fig. 4) . Further, levels in subchondral bone are higher than in trabecular bone. In cartilage levels were found to be higher at site 2 also. At site 1 in this tissue there was a large variation, reflected in the high SD. This may be caused by the early degenerative changes that are apparently present (based on collagen damage, see above). For LP cross-links significant site differences are seen in cartilage and subchondral bone. In bone, levels in trabecular bone are significantly higher 
Hydroxylysine/collagen (mol/mol collagen) 40.76 G 755 Osteoarthritis and Cartilage Vol. 12, No. 9 than in subchondral bone at both sites (Table I ). In addition to the enzymatically regulated cross-links HP and LP, the advanced glycation cross-link pentosidine was measured. In cartilage, subchondral and trabecular bone the pentosidine level increases with age. This increase is significant in all three tissues at both sites, except for site 1 in subchondral bone [ Fig. 5(aec) ].
GAGs and DNA levels were determined in cartilage and trabecular bone samples only as the risk for contamination with cartilage of the subchondral bone samples was deemed too high. A slight contamination with cartilage will hardly affect collagen related parameters as these are in the same order of magnitude, but would affect measurements of GAGs and DNA considerably because of the important inherent differences in normal tissue levels. In cartilage, GAG levels at site 2 were more than double those at site 1 (Table I) . For DNA, the picture was reversed (Table I) . In trabecular bone GAG levels were 1.4e3% of those in cartilage, DNA content was about half the content in cartilage. In trabecular bone there was no site difference in any of these parameters.
The overall pattern for all mineral parameters (Ca, Mg, P and ash content) was similar. In all cases content of these elements was higher at site 2 than at site 1, and content was higher in trabecular bone compared to subchondral bone (Table I) . Fig. 6(a, b) shows that there is a concomitant increase in the total amount of cross-links (HP and LP) with the increase in calcium content. This relationship is significant in both sites of the bone layers, except for trabecular bone at site 1.
BMD showed a more complex pattern. BMD was consistently higher in subchondral bone than in trabecular bone, but there were reverse site differences with higher BMD at site 2 in subchondral bone, but a lower level at the same site in trabecular bone (Table I, Fig. 7 ).
Discussion
The cartilage covered epiphysis of a bone can be considered as a multi-composite structure consisting of different layers. These layers have different material properties but act together as a functional unit to fulfil properly the functions of the joint, i.e., weight-bearing, articulation and dissipating the forces generated by locomotion. The analysis of a single element of this multi-composite structure may yield useful information, but is necessarily of a limited scope as no information about the other constituting elements is obtained. For this reason, the present study focused on the simultaneous analysis of the three major layers that can be discerned: cartilage, subchondral bone and trabecular bone. It is recognised that this approach is limited too. A finer division including for instance the layer of calcified cartilage and the transitional zone of the subchondral and trabecular bone would have been preferable. However, this was impossible due to economic and logistic constraints.
It was a deliberate choice to analyse tissue layers at two sites that are very differently loaded. The site near the dorsal articular margin (site 1) has been shown to be loaded only at high speeds, or during heavy athletic activity 4 . Then, the area is very heavily loaded, but during low intensity activities such as standing or walking this is a non-contact area. The central fovea of the metacarpophalangeal joint is always loaded as long as the horse is on its feet, which is almost 24 h per day in mature animals. This makes the area a constantly loaded site with, however, considerably lower peak loads 4 . Although it can be assumed that differences will be largest in compressive loads, it is probable that there will be differences in tensile and shear loading as well at these sites, which may contribute to differences in behaviour of the tissue.
As expected, large differences in biochemical composition were found between cartilage and bone. However, there were also substantial differences between subchondral and trabecular bone as well as parallels between cartilage and bone, especially with respect to the differences between the two investigated sites. The interaction of the hydrated GAGs and the cross-linked collagen network determine the unique biomechanical properties of cartilage 20 . The mechanical properties of subchondral bone are dependent on the fractions of collagen and minerals 21, 22 . Both tissues will in some stage of their development respond, albeit in some cases differently, to the biomechanical challenges they are subjected to. In this respect it should be realised that, due to the spatial arrangement of the tissue layers, the impact of loading will always be higher on the cartilage layer and become more attenuated towards the trabecular bone. Site differences can, therefore, be expected to be more marked in the more superficial layers.
Denatured collagen is not only a measure for mechanically induced damage, but may indicate turnover caused by proteinase-mediated tissue remodelling as well. The latter may especially be the case in bone where the turnover times of collagen type I are much shorter than those of collagen type II in cartilage, which have been reported to be extremely long 23, 24 . Denatured collagen levels were higher in trabecular bone than in subchondral bone and, in cartilage only, higher at site 1 than at site 2. In bone this difference is probably caused by differences in remodelling rate, which can be supposed to be related to functional differences in handling by the tissue of the forces generated by locomotion. The thin and compact subchondral bone plate will most likely to a large extent transmit these forces, whereas most dissipation will take place in the trabecular layer underneath, inducing remodelling activity. In cartilage, the much higher level at site 1 is likely to be indicative of real damage, as remodelling activity is extremely low by definition in mature individuals. This is in line with the common occurrence of degenerative ailments such as OA at this site 6, 25 . Hydroxylysine levels are significantly higher at site 2 in cartilage, which is in line with earlier findings by Brama et al. 3 . The difference diminishes with depth from the joint surface: a small difference in subchondral bone, none in trabecular bone. As low Hyl levels have been reported to correspond with higher biomechanical strength in bone, this distribution pattern might reflect the dissipation of force throughout the bony layers underneath the articular cartilage 22, 26 .
Hydroxyproline expressed per proline is a measure for the relative amount of collagen within the protein pool. The levels in subchondral bone are fractionally, but constantly and significantly higher at site 2 compared to site 1. Although this variable is not equal to collagen content, the observation is in agreement with findings by Brama et al., who found higher collagen levels at site 2 in a study on the effect of exercise on subchondral bone composition 27 . The same distribution holds for HP cross-links where differences in subchondral bone are considerable. Both collagen in itself and cross-linking add to overall strength and these differences may be explained by the fact that, although peak loading is less, total loading over time will be more at site 2, which might require a stronger structure 28, 29 . The higher HP level in subchondral bone compared to trabecular bone can be explained by differences in remodelling rate, resulting in a lower state of maturation in the trabecular bone and hence a lower HP content 28, 29 .
Collagen molecules have an exceptional long lifetime once they have been incorporated into the ECM. This makes them susceptible to the accumulation of advanced glycation end products (AGEs) via the so-called Maillard reaction 30 . The process results in increased cross-linking, such as pentosidine formation from lysine, sugar and arginine moieties. Pentosidine is one of the few Maillard cross-links of which the structure has been elucidated, and is used as sensitive marker for the entire process of AGE formation 31 . The accumulation of AGEs depends on the turnover rate of a protein or tissue and thus the metabolic activity of the tissue 24 . In human supraspinatus tendon, a structure that is often subjected to micro trauma and is frequently involved in the so-called rotator cuff syndrome, the remodelling rate is high and no increase in pentosidine levels is seen. In contrast, there is a linear increase with age of these products in the nearby biceps brachii tendon, which is infrequently, if ever, involved in pathology 32 . The lack of a significant increase with age in site 1 of subchondral bone only might be indicative of a high incidence of microtrauma at this site too. Chip fractures at this site are well known and frequently described clinical findings 33e36 .
GAG levels are 35-to 70-fold higher in cartilage than in trabecular bone, illustrating the inherent differences in functional composition of these tissues in which the collagen network is supported by GAGs to create resilience (cartilage), or by minerals to give strength (bone). The huge site difference in cartilage is in line with earlier reports, and is thought to be a response of the tissue to the large differences in loading pattern 4 . Similar findings were reported earlier by Kiviranta et al., who found a significantly lower GAG content at the proximal joint margin in the femur of young Beagles, a site that was only loaded during severe overextension 9 . DNA levels do not show site differences in trabecular bone, but in cartilage levels are higher at site 1. These differences may be illustrative for the rather harsh conditions at this site where collagen damage is common and the need for repair may be high, but where cells are probably less vital. An indication of the latter may be that GAG levels, when expressed per DNA and hence indicative for cellular productivity, are more than 2.5-fold lower at site 1.
The mineral in bone that provides rigidity is hydroxyapatite. This inorganic compound of bone accounts for approximately 65% of the total bone matrix. The remaining 35% consist of water, collagen, proteoglycans and non-collageneous proteins 37, 38 . A higher ash percentage means a lower collagen and/or water volume and thus stiffer bone 39 . The stiffness of the bone enables it to support relatively high loads without substantial deformation 2 . It has been shown that in areas of excessive load concentration, bone formation activity and bone stiffness were high 40 . They demonstrated 758 M. R. van der Harst et al.: Simultaneous analysis of cartilage and bone more bone formation and denser bone in the superficial layer of the subchondral plate. This loading-driven interaction between cartilage and subchondral bone may cause changes in structure, which will not be uniform across the joint, and are related to the depth from the joint surface 40e42 . Stiff bone adjacent to the layer of articular cartilage is also thought to be a risk factor for cartilage damage and a potential cause of OA 2,43e45 . In this study we found higher ash levels in trabecular bone than in subchondral bone and consistently higher levels at site 2, resulting in a somewhat more elastic tissue at site 1 46 . The fact that ash levels in trabecular bone are higher than in subchondral bone does not mean the former is the stiffer layer, as the tissue properties are not only determined by the material properties, but by the structural peculiarities as well. Trabecular bone has a much more open structure than subchondral bone and hence is a considerably less stiff tissue type. In this study this is reflected by the BMD data. BMD, when determined by pQCT, is a measure of mineral content in a unit volume of bone. This is an apparent mineral density, influenced by both porosity and true mineral density 47, 48 .
Given the fractional differences in ash content, the differences in BMD in this study are largely caused by differences in porosity. Subchondral bone is the stiffer structure with both less porosity and stiffer material at site 2. This site difference is in agreement with the findings by Murray et al., who observed in equine carpal bones that subchondral bone at heavily loaded dorsal sites was thicker and materially stiffer than at less loaded palmar locations of the same bone 43 . Trabecular bone is less stiff, will therefore yield more and thus be more incited to remodel, which is a consistent finding throughout this study. The reverse site 1 ÿ site 2 differences can be explained by the differences in architecture of the trabecular bone that becomes denser from the centre towards the cortical bone, thus towards site 1. The individual minerals follow the general pattern of ash content with higher levels in trabecular bone and at site 2 compared to site 1, probably reflecting overall metabolism. Magnesium levels are about 10e15% higher in trabecular bone compared to subchondral bone. In calcified tissues the amount of Mg associated to the apatitic phase is known to be higher at the beginning of the calcification process 49, 50 . Therefore, the higher Mg levels probably reflect the overall younger age of this tissue because of the higher remodelling rate.
An interesting functional link between mineralised and non-mineralised ECM is exemplified by the positive correlation between total (HP þ LP) cross-links and calcium content. The correlation is present at both sites in subchondral bone, in trabecular bone at site 2 only [ Fig. 6(b) ]. Whereas Ca content stands for stiffness of bone, cross-links provide stiffness and strength to collagen. This correlation is thought to illustrate well the differences in loading and the resulting response of the tissue at these sites and to be a fine example of the functional resemblance and interrelationship of the various layers that make up the joint.
It is concluded that there are distinct and significant differences in the biochemical composition of articular cartilage, subchondral bone and trabecular bone at differently loaded sites. These differences, although they are not always similar in the different layers, do not stand apart. In general, the bony layers in the central area of the joint (site 2) are characterised by stronger and stiffer tissue with higher mineral contents and a denser cross-link distribution. Towards the joint margin (site 1) stiffness diminishes and more elasticity can be expected based on the biochemical composition. Here, also more damage can be expected caused by high intensity, low frequency and irregular loading. This is especially evident in the cartilage layer (that will inevitably sustain the heaviest impact), where denatured collagen levels are relatively high. In the bony parts the trabecular layer is metabolically most active with the greater part of remodelling taking place in the central area (underneath site 2). This overall pattern can, most likely, be explained by load distribution and by the dissipation of forces by the joint surface and underlying tissues. Total load (cumulative force over time) will be higher in the central area. Dissipation of forces is accomplished principally by the trabecular layer. Of this layer the central area is, again, most challenged. The topographical variation in biochemical composition seems, therefore, to be largely loading induced and most of it can be explained via the same mechanisms. Knowledge of these topographical differences in the various layers and of their interrelationship seems indispensable for the study of pathological processes that take place at and underneath the joint surface.
